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I. INTRODUCTION 
The analytical expressions for the transport co­
efficients (i.e. viscosity, thermal conductivity, and 
diffusivity) of an ideal gas can be derived from the 
kinetic theory of gases. It is also possible to make 
these analytical expressions adequate for real gases 
if the intermolecular forces of attraction and repul­
sion for these gases have been taken into consideration. 
The intermolecular forces have been studied by 
many investigators . The Lennard-Jones potential is 
one of the most realistic semi-empirical statements 
which represents particularly the intermolecular forces 
of attraction and repulsion for non-polar gases� 
The values of the Lennard-Jones potential param­
eters or the force constants of the non�polar gases 
have been determined from both diffusion and viscosity 
data. The work of previous investigators have indica­
ted that the values of the force constants determined 
from diffusion measurements were not always in good 
agreement with those obtained from viscosity data. 
Much of the viscosity data of gases available 
from the literature have been measured under flow or 
dynamic conditions. The purpose of this r�search was 
l 
not only to determine the actual viscosities of a few 
non-polar gases at three temperature levels by means 
of a rolling viscometer, but also to d emonstrate that 
this method was accurate enough to determine the 
L ennard-Jones force constants for the gases used. In 
addition, the calculated force constants were to be 
2 
used to d etermine viscosities, self-diffusion coefficients 
of single gases and diffusivities of binary pairs at var­
ious otfier temperatures and compared with actual experi­
mental data and literature values. If the above could 
be accomplished satisfactorily, the work could be extend­
ed to determine the force constants, viscosities, and 
diffusivities of non-polar gaseous mixtures. 
The gases used in this investigation, in addition 
to air, which was used to calibrate the viscometer, were 
argon, heliwn, carbon dioxide, oxygen, nitrogen and hydro­
gen. 
II. LITERATURE REVIEW 
Intermolecular Forces of Non-Polar Gases 
It is known that molecules attract each other 
when they are a certain distance apart and repel each 
other when they come close together. The force of 
interaction (F) between two spherical non-polar mole-
cules is a function of the intermolecular distance 
(r) • It is more convenient to use the potential en-
ergy of interaction �(r) rather than the force of 
interaction. 




dr ' and $(r) 
intermolecular forces between two spherical 
non-polar molecules. 
r - intermolecular separation 
$(r) potential energy of interaction� 
3 
Development of the Potential Energy Function. The 
intermolecular forces of gases can be represented by 
various empirical potential functions. Several of these 
empirical functions have been described by Hirschfelder, 
Curtiss and Bird (l) in detail. The distinguishing 
characteristics of these functions are described brief-
ly as follows: 
Rigid Elastic Spheres. This function represents 
a rigid elastic sphere of diameter 6 , and the values of 
the potential can be represented as follows: 
� (r) = CXJ 
�(r) = 0 
r <. 6 
r >6 
(2) 
Figure 1 is a pictorial representation of some of these 
empirical potential functions. 
Point Centers of Repulsion. 







index of repulsion 
The potential repre-
(3) 






where , µ = constants 
/3= diameter of the riged sperical molecule 
(4) 
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Spherically Synunetrical Potential Functions 
Hirschfelder, Joseph O., Charles F. Curtiss and 
R. Byron Bird: "Molecular Theory of Gases and 
L iquids," p. 30. John Wiley and Sons, New York, 
N. Y., 1954. 
Square Well Potential. The square well potential 
may be represented mathematically as follows: 
$ (r) 
$ (r) - - e 
$ (r) = 0 
r < 6 
6 ( r ( R6 (5) 
r ) R6 
Both attractive and repulsive forces are considered in 
this model. This model has been found very useful in 
calculations involving complex molecules as the three 
adjustable parameters allow for considerable lattitude. 
Lennard-Jones Potential. This potential is ex-
pressed as follows: 
where 
�(r) = 4 e:, ( ( �j2 (6) 
� maximum energy of attraction 
6 collision diameter or value of r for which 
�(r) = 0 
r separation between the molecules. 
6 
The inverse sixth power term is the energy of attraction, 
and the inverse twelfth power term represents the repul-
sive interaction between the molecules. This potential 
function has been very satisfactory in predicting the 
intermolecular forces for non-polar gases. The param-
eters 6 and t , which have dimensions of length and en-
ergy respectively, are constants characteristic of the 
chemical species only. They are called the force constants 
of a gas. The Lennard-Jones potential has been chosen in 
7 
this research as the potential energy function or the 
assumed mathematical model from which the force con-
stants for the six non-polar gases were calculated. 
The Buckingham Potential. The Buckingham potential 
is a four-parameter functiono It may be represented 
mathematically as follows: 
� (r) = v exp (-ur) - w-6 I 
-8 
- w r 
where u, v, w and w1 = constants. 
(7) 
A modified form of this potential is more realistic than 
the Lennard-Jones potential, but is very difficult to 
handle numerically. 
Calctllation of Transport Coefficients for Non-Polar Gases. 
Hirschfelder, Curtiss and Bird 
(
z) present the equa-
tions for calculation of the first approximation of the 
transport coefficients of pure gases as follows: 
D 
J MT 
266. 9 3 
62 .n.(2) (T-i:-) 
/ T 3 /M 0 .  002628 
(P) 6 2 _n. (l) (T-l'c) 




where f' = viscosity, gm/cm-sec 
D = coefficient of self-diffusion, cm2 /sec 
y- = thermal conductivity, cal/cm-sec- Q K 
P = pressure, atm 
T = temperature, °K 
M = molecular weight, gm 
6 = collision diameter, A 
�*" 
T = reduced temperature defined as KT/£ 
(1) (T-�-) 
= collision integral at T'' for diffusion 
coefficient, a function of the parameter 
T�
*- = KT 
� 
( 2) (T*) 
= collision integral at T* for viscosity and 
.n. 
thermal conductivity, a function of the 
parameter T* = �
T 
The coefficient of d1ffusion in a binary mixture can be 




- 0.0 026 2 8 (13) 
where Dl2 
- diffusion coefficient, cm2/sec 
Ml' M2 
= molecular weights of species l and 2, gm 
Tl2 �� 
= KT/t:. 12 
p = Pressure, atm 
612 
- collision diameter of the binary mixture 
= l/ 2 (61 +62)' 
n (J_ - .) ( T-3� ) �� = collision integral, a function of -- . 12 
-3� KT 
T12 = -e 
The higher approximations to those transport coefficients 







= f f (k
) 
n 
= D f (k) D 
= '(f (k) 
= Dl2 fD12 





f (k) and f 
(k) differ but D12 





Determination of Force Constants from Diffusion Datq. 
The force constants can be calculated from the experimen-
tal diffusion coefficient by using Equation (13). The 
values of the collision integral {l_ (l) (T-3*') have been 
evaluated and tabulated (3). for various reduced tempera­
tures (T*). It is interesting to note that the values of 
the force constants obtqined from diffusion coefficients 
are not always the same as those determined from viscosity 
data. 
Determination of Force Constants from Viscosity 
Data. The function nC2) (T*) has been computed and 
tabulated (4) by Bird for various reduced temperatures 
(T��) . The force constants can be calculated from the 
experimental viscosity data at different temperature 
levels using Equation (10) . 
Measurement of Viscosity of Gases 
Several methods have been developed for the deter-
mination of viscosity data for gases. These methods 
are described very briefly as follows: 
Capillary Flow Method. (S) A common method for 
the determination of gaseous viscosities requires meas-
uring the quantity of the gas that will f1ow through a 
capillary tube of known cross sectional area during a 
specific time period. These physical measurements can 
be mathematically related to the viscosity. 
Ultrasonic Vibration Method. (6) This method has 
been developed for f1uid viscosity using ultrasonic 
10 
vibrations. This method provides an instaneous and con-
tinuous viscosity measurement using ultra-high frequency 
sound waves. The viscosity of the fluid is determined by 
the vibration rate of a steel blade which �as been im-
mersed in the fluid. 
Oscillating Disk Method. (7, B ) In this method a 
circular disk is suspended in the gas horizontally and 
is given a small torsional oscillation in its own plane. 
The rate at which the oscillations diminish measures 
the viscosity of the surrounding gas. The disk is sus-
pended between two disks of the same material in order 
to increase the viscous drag. The oscillation amplitude 
can be measured by optical means Q 
ll 
Rotating Cylinder Method . This is a modification of 
the oscillating disk method. ( 9, IO, ll) The oscillating 
disk has been replaced by rotating concentric cylinders. 
This method has been used by many investigators for the 
determination of gaseous viscosity. The inner cylinder 
is driven at a constant speed by a drive motor while the 
outer cylinder is suspended in the gas from a small tor-
sional wire. When the inner cylinder is in motion, the 
viscous action of the gas between the cylinders causes 
an oscillation of the outer cylinder. By measuring the 
oscillation amplitude and time for completing one cycle, 
the viscosity of the· gas can be determined. 
Rolling Ball Viscometer. A more recent development 
in laboratory type viscometers is the rolling ball vis-
cometer. In this method, a ball of known diameter is 
allowed to roll through an inclined precision bore tube 
which is filled with the gas to be tested. The time re-
quired for the ball to traverse a specific distance may 
12 
be used to determine the viscosity of the gas. Hubbard 
and Brown (l2) indicated that this instrument could be 
used to determine the viscosity of a gas accurately 
when the fluid flow around the rolling ball was in the 
streamline flow region. In using this method, the in-
strument is standardized with a fluid of known viscos-
ity. The advantage of this method is that only two 
variables are involved - - roll time of the ball and 
the inclination angle of the viscometer tube. There are 
no other correction factors to be applied as in other 
methods of viscosity determinations. 
III. EXPERIMENTAL 
The experimental section of this thesis is com­
posed of the following parts: (1) purpose of inves­
ti-gation; (2) plan of experimentation; (3) materials; 
(4) apparatus; (5) method of procedure; (6) results; 
(7) sample calculations. 
Purpose of Investigation, 
13 
The purpose of this research was not only to deter­
mine the actual viscosities of a few non-polar gases at 
three temperature levels by means of a rolling viscometer, 
but also to demonstrate that this method was accurate 
enough to determine the Lennard-Jones force constants for 
the gases used. In addition, the calculated fo�ce cori­
stants were to be used to determine viscosities, self­
diffusion coefficients of single gases and diffusivities 
of binary pairs at various other temperatures and compared 
with actual experimental data and literature values. If 
the above could be accomplished satisfactorily, the work 
could be extended to determine the force constants, vis­
cosities, and diffusivities of non-polar gaseous mixtures. 
The gases used in this investigation, in addition to 
air, which was used to calibrate the viscometer, were argon, 
helium, carbon dioxide, oxygen, nitrogen and hydrogen. 
14 
Plan of Experimentation, 
The plan for the accomplishment of the work entail-
ed in this thesis was composed of four steps: (1) choice 
of a method for viscosity measurements, (2) design of 
equipment, (3) measurement of viscosity, ( 4) calculation 
of viscosity, and ( 5) calculation of force constants and 
transport coefficients. 
Choice of a Method for Viscosity Measurements, Var-
ious methods were available for the determination of the 
viscosity of gases. The rolling ball method which has 
been developed and correlated by Hubbard and Brown (12) 
was chosen because of the following reasons: (1) the 
apparatus was extremely simple, ( 2) only a small sample 
was required, and (3) the procedure of measurement was 
simple and rapid. 
Design of Equipment. The design of the rolling 
ball viscometer was based on the method developed by 
Hubbard and Brown (l2)_ The viscometer was designed to 
allow the gas within the viscometer tube to be maintain-
ed at constant temperatures of 5, 50 and 90 degrees Cen-
t.igrade. The time required for the ball to travel the 
distance in the viscometer tube was recorded precisely by 
a photoelectric timing system� 
Measurement of Viscosities, The measurement of the 
viscosities of the different gases involved a series of 
tests at three constant temperature levels. Measure-
ments.were taken in such a manner that the angle of 
inclination was kept constant at each temperature level. 
The viscosity of air was used as a standard to calibrate 
the viscometer. 
Calculation of Viscosities. This calculation fol-
lowed the method developed by Hubbard and Brown, (l2) 
and utilized successfully by Kiyama and Makita. (13) 
Calculation of Force Constants and Transport Coef-
15 
ficients, The method presented by Hirschfelder, Curtiss 
and Bird (i4) was used to evaluate the force constants and 
the transport coefficients. All calculations are illustra-
ted in the sample calculation sections of this thesis. 
Materials. 
All the material used in the experimental work are 
listed and described in Appendix A. 
Apparatus. 
The apparatus is described as follows: 
Viscometer Tube, The viscometer tube used for the 
experimental work is illustrated in Fig. 2 and Fig. 6. 
This viscometer tube consisted of a precis�on bore gas 




















































































































































































































































































































































































































































































































































































constant temperature water j acket tube of 2 . 0  inch 
inside diameter . 
17 
Viscometer Mounting Board . The mounting board was 
designed such that the viscometer tube could be elevated 
to . any desired angle . Two 3 0" x 15n x 3 /4" plywood boards 
were hinged together so that the base board could be kept 
at a constant level while the upper board could be ele­
vated by two side clamps to any desired angle of incli­
nation from the horizontal. This is shown in Fig.  3 and 
Fig. 7 , . 
Rolling Ball, The ball used for this viscometer was 
a spherical steel ball with a diameter of 0 . 4 96 4  + 0. 0002 
inches o 
Electric Timer, The time for the ball to traverse 
the distance between the two photoelectric receivers was 
measured by a "Standard" type precision electric timer. 
It could be read to  0 . 01 second and estimated to 0 . 005 
second. Since this timer was operated by a 24  volt direct 
current, a rectifier was necessary to convert the 110 V 
AC to 2 4  V DC .  
Rectifier, The rectifier was specially designed and 
constructed for operating the precision electric timerq The 
input and output of the rectifier was 110 V AC and 24 V DC 
respectively . The rectifier has been show11- in Fig .  4 and 
Fig. 7. 
1 8  
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Time Measurement Devices, The time required for 
1 9 
the steel ball to traverse the distance in the viscom­
eter tube was recorded precisely by the use of a photo­
electric timing system and is illustrated in Fig. 4 and 
Fig. 6. The system consisted of two photoelectric re­
ceivers, two light sources, two sensitive relays, a 
rectifier and a precision electric timer. The breaking 
of a beam of light by the passage of the steel ball in 
the viscometer tube actuated the relays which were con­
nected to the rectifier and the precision electric timer. 
Thus the time for the ball to roll the distance between 
the two photoelectric receivers could be recorded auto­
matically . 
Temperature Controlling System . The temperature 
of the gas in the viscometer tube was held constant at 
5 + o . 15, 50 + 0 . 15 and 90 + 0.2 degrees centigrade by 
using a constant temperature water bath. The water bath 
container was a five gallon glass vessel�  A pump was used 
to circulate the water through the constant temperature 
water j acket of the viscometer tube . The temperature of 
the water bath was controlled by a "Micro Set Thermo­
regulator" and a 1 , 000 watt water heater. It has been 
shown in Fig. 7. 
Stopcocks, Two stopcocks were used in this viscom­
eter. A straight stopcock with rubber stopper was attach­
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Figure 7. General View of the Apparatus. 
of the gas entry into the tube, and a three-way stop-
cock with two tube� on one side was attached to the 
lower end of the viscometer tube as shown in Fig .  7. 
One of these stopcock tubes was connected to a vacuum 
pump, whereas the other tube was used as a vent valve 
to the atmosphere to release the extra pressure in the 
viscometer tube. 
Vacuum Pump, A "Cenco-Hyvac" type vacuum pump was 
2 4  
used to evacuate the viscometer tube prior to the intro-
duction of the gas to be studied . 
Method of Procedure. 
Determination of Viscosities. In this experimental 
work, the viscosity of air was chosen to standardize the 
viscometer . The viscosity for a gas has been calculated 
( 12 , 13 ,  l5 ) · th f 11 · t . f th 11 . using e o owing eq ua ion or e ro ing 
ball viscometer : 
f = bZ sin (} (fo -p ) 
where f viscosity of a gas, 
b = instrument constant, 
z = roll time, sec 
e = angle of inclination 
deg 
Po density of the ball, 
p density of the gas, 
gm/cm-sec 
2; 2 cm sec 
of the viscometer 
in gm/cm3 
in gm/cm3 
( 17 ) 
tube, 
Equation ( 1 7 )  is applicable only when the flow of gas 
through the crescent shaped area between the tube and the 
25 
ball is in the streamline flow region. If air is 
used to standardize the viscometer; 
0 air 
= b Z . sin 9 ( D0 - D . . ) air / 4 Tair (1 7-a) 
If o
2 
is used at the same temperature and the same 
inclination angle as air, 
(1 7-b) 
Dividing Equation (1 7-a) by Equation (1 7-b) gives : 
�air 
f 02 
Since ('0 is much greater than fair or fo2, 
(f. - fair) 
and hence : 
f- air 
f 02 
( 1 8 ) 
(1 9) 
Viscosity measurements were performed at three temper-
ature levels of 5 ,  5 0 ,  and 90 degrees centigrade. Twenty 
measurements were made for each gas at each temperature 
level using a constant inclination angle for all the 
gases. The viscosity was calculated by Equation (1 9) . 
Calibration of Viscometer. It was necessary to 
know whether the gas in the viscometer was in the stream-
line flow before using Equation (19) . Hubbard and Brown 
( 12 )  demonstrated a correlation between the resistance 
factor and the Reynold's number when the ball is roll-
ing at uniform velocity. The resistance factor is 
defined by the following equation: 
26 
Resistance factor .5J!g 4 2  
� 2 
( ) f' x Z sin8 2 0 
The corresponding Reynold's number is calculated from 
the following equation : 
Reynold ' s  number Ld
2 _f_ = 
(D+d) x f Z  ( 21) 
where g acceleration of gravity, cm/sec 2 
D diameter of the tube ., cm 
d = diameter of the ball., cm 
L - distance of roll, cm 
Po density of the ball, gm/liter 
p density of the gas, gm/liter 
z = time of roll over distance L., sec 
(} = angle of tube inclination., deg 
f'- = viscosity of the gas, gm/cm�sec 
The resistance factor plotted against the Reynold's 
number on a logarithmic scale should yield a str aight 
line with a slope of -1 . 0  when the flow is in the stream-
line region . This line is no longer straight where flow 
is changing from streamline to turbulent flow . 
Correlation Curve Determinatione The viscosity of 
air was chosen as a standard to calibrate the viscometer . 
-7 (16) The viscosity of air was taken to be 1, 83 4  x 10 
grams per centimeter per second at 25Q C and one atmos-
phere . The viscometer was filled with air and the roll 
time of the ball at each angle was recorded. The 
_ resistance factor and the Reynold ' s  number were then 
calculated from the roll time for each inclination 
angle using Equations (20 ) and (21) 9 Eight different 
inclination angles were used in this calibration . The 
values of the resistant factor were plotted against the 
corresponding values of the Reynold ' s  number on a loga-
2 7 
rithmic scale which yielded a straight line with a slope 
of -1. 0 as shown in Fig. 8. For the viscosity measure-
ment of an unknown gas , the inclination angle should 
be chosen in such a way that the Reynold ' s  numbers and 
the resistance factors for both the gas and air should 
fall on the straight line of the correlation curve of 
Fig. 8, otherwise they are not in the streamline flow 
region and another inclination angle must be chosen. 
Calculation of Force Constants, The values of 
the Lennard-Jones force constants (�/K) and (6) were 
calculated from the experimental viscosity data in the 
manner outlined by Herschfelder, Curtiss and Bird (l4 ) 9 
From Equation (10 ) and Equation (14) ,  the third approx-
imation of the viscosity of a gas at T1 is: 
2 6 6 • 9 3 v'M Tl f I!; ( 
3 ) ( T t) 
6 2 _;( z )  ( Tt ) 
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3 
At another temperature T2
. for the same gas : 
29 
(24) 
· Dividing Equation (24) by Equation (23) gives : 
� /-A- ( l � l 
J-,-l ( T 2) 
0 . 5 T
l = 
f (Tl) T2 
where ft, C_ T1 ) , f- (T2) = 
( 2) 
( 
��) n. , T1 
(2) 













( 3) ( T1
1f) 
f (3) ( T 1�) 
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experimental viscosity data at 
temperatures T1
, T2 respectively 




.rf.2) (T*) = collision integrals for 
f (3 ) (T 
-3�) 
f l ' 
functions for calculating 
the third approximation 
for the viscosity data 
at T
1
* , T2* respectively 
The values for the collision integrals and 
at various reduced temperatures have been calculated 
and tabulated . ( 3 , 4 ) If the experimental viscosities 
f'- ( T1 ) and JJ ( T 2 ) for a non-polar gas ar e known one of 
3 0  
the force constants �/K can be calculated using Equation 
(2 5 )  by a trial and error method. 
Calculation of the Collision Diameter, Once the 
value of �/K is determined, the other force constant 
of the gas is evaluated directly as follows : 
2 6 6  .. 9 3 
( 26 ) 6 2  
Calculation of the Transport Coefficients, The 
diffusivity, viscosity and the thermal conductivity 
for non -polar gases can be calculated from their force 
constants using Equations (lo ) , (11) , (12) , and (13 )  .. 
Procedure for Starting the Viscometer . 
1. The steel ball was first placed in the vis-
cometer tube. The ball should be placed in the flanged 
portion (A) of the. viscometer tube � 
2 .  The viscometer was then attached to the gas 
source. The gas outlet from the cylinder was regulated 
by a "Matheson Two Stage" automatic gas regulator. The 
delivery pressure should be adjusted to about two pounds 
per square inch gage . 
3 . The viscometer tube was next evacuated by using 
a vacuum pump . Stopcock B was adjusted so that the sys-
3 1 
tem back to the gas regulator was under vacuum . After 
the system was completely evacuated� stopcock C was 
closed and the gas was admitted to the viscometer tube . 
4 .  The electric magnet D was then turned on and 
the ball brought from the flanged portion A into the 
precision viscometer tube at its initial position F. 
5 . The thermoregulator of the constant temperature 
bath was adjusted to the desired control temperature and 
the circulating pump started . 
Procedure for Making Observations. 
1. After the gas and the ball in the viscometer 
tube have reached the desired constant temperature, the 
two light sources and the two photoelectric receivers 
were turned on . 
2 .  The two relays E and G were then set to a 
close position manually, and the electric timer and the 
rectifier turned on o 
3. After the electric magnet was turned off, the 
ball was started rolling down the precision bore vis­
cometer tube. 
4. After the roll time was automatically r ecorded 
by the electric timer, the rectifier was turned off . 
5. The ball was then brought back from the lower 
end to the upper end of the inclined viscometer tube 
using the permanent magnet 9 Thus the ball was brought 
back to its initial position F .  
6 .  In order to change the gas in the tube, the 
ball must be positioned in the flanged portion A of 
the tube by means of the magnet before evacuating the 
system and admitting a different gas to the viscometer 
tube . 
Procedure for Shutting Down the Viscometer . 
l .  Turn off the light sources and the photo­
electric receivers. 
2. Turn off the motor of the electric timer. 
3 2 
3. Turn off the thermoregulator of the water bath 
and the circulating pump. 
Data and Results, 
The viscosities for the six non-polar gases, argon, 
helium, carbon dioxide, oxygen, hydrogen and nitrogen 
were determined at three temperatures of 5 ,  50 and 90 
degrees centigrade . 
The experimental values for the viscosities are 
presented in Table I .  All the viscosities are based on 
measurements at a pressure of approximately one atmos­
phere 9 
The force constants for each gas were evaluated 
from the experimental viscosity data 9 The calculated 
force c onstants are presented in Table II. 
The coefficients of diffusion for gas pairs, the 
3 3  
self-diffusion coefficients and the viscosities for each 
gas at Various temperatures were also calculated from 
the force constants as shown in T ables III, IV and V o 
-�-
3 4  
TABL E I 
Experimental Viscosities of 
Argon, Heliwn, Carbon D ioxide, Oxygen 
Hydrogen and Nitrogen at 1 Atmosphere 
Gas Temperature 
( o c ) 
Viscosity xl0 7 
(gm/cm - sec) 
Air 
�� 
5 ., 0 l, 741 
s o . o  l , 9 5 1  
90. 0 2 , 13 1.s 
Argon 5 . 0 2 ., 116+6.6 
50.0 2, 3 93 +6. 2 
90.0 2, 6 25+6 . 7 
Heliwn 5.0 1 ., 86 9+6 . l  
50 . 0 2 ., 0 6 4+5.8 
90.0 2 ., 223 +6 . 7  
Carbon Dioxide s. o  l, 417+5.l 
s o . o 1, 6 17 +5 . 5  
90.0 1, 80 6 +5.3 
Oxygen s . o 1, 92 7+ 7. 3  
50. 0 2, 16 8+7 . 5  
90.0 2 , 3 7 0+10 o 3 
Hydrogen 5 . 0  862+3 . 2 
50 . 0  9 5 0+4. 5 
90 . 0  1, 025+5 . o  
Nitrogen 5 o 0 1, 6 84+6 . 8  
50 . 0  1, 880+6 . 5  
90  .. 0 2, 046 +10 
Obtained from literature source and used in calibrating 
the viscometer o Refer to footnote (16). 
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TABLE II 
Lennard-Jones Potential Parameters for 
Air, Argon, Helium, Carbon Dioxide, Oxygen, Hydrogen 
and Nitrogen over Various Temperatures Ranges 
Temperature Force Constant Collision 
Gas Range e/K Diameter6 
oc OK in X 
Air 5 • O to 50 . 0  103 
50 .0 to 90 . 0  10 4 
5. 0 to 90 . 0  100. 5 3.6 06 
Argon 5. 0 to 50 o 0  126+5 
50.0 to 90 . 0  13 0+6 
5.0 to 90.0 128+5 3 . 4123 +0 . 021 
Helium 5. 0 to 50 . 0  9. 6+l o0 
50. 0 to 90 . 0  11. 6+1. 2 
5.0 to 90o0 10 . 7+1. 1  2 . 58 6 5+0 . 022 
Carbon Dioxide 5.0 to 50 . 0  197+5. 8 
50 . 0  to 90.0 194+6 . 5 
5 . 0  to 90 . 0  200+6 3 .  93 19+0. 03 
Oxygen 5 . 0  to 50 . 0  116+7 
5 0 . 0  to 90.0 114+7.5 
5.0 to 90 . 0  110+7. 5 3 . 46 7+0 . 03 5  
Hydrogen 5 . 0  to 50 . 0  3 5.2+3 
50.0 to 90 . 0  3 5. 8+3 . 3  
5.0 to 90.0 3 5+3 . 05 2 . 9402+0 . 021 
Nitrogen 5.0 to 50 . 0  8 6.2+6 .4 
50 . 0  to 90 .. 0 8 4.8+7.2 
5.0 to 90.0 8 4 . 3 +6 0 9 3 0 722+0.03 4 
TABLE III 
Calculated Self-Diffusion Coefficients for 











































50 0  
8 00  
1 , 0 0 0  
1 , 2 0 0  
1 , 5 00  
TABLE IV 
Calculated Viscosities for Argon, Heliwn, C arbon Dioxide 
A 
3 , 3 3 7 
4 , 6 2 9 
5 , 3 70 
6 , 0 71 
6 , 9 7 3 
Oxygen, Hydrogen and Nitrogen s.t. High Temperatures 
xio 7 in gm/cm-sec 
H 
2 ,  73 6 2 , 3 50 2 , 9 90 1, 2 51 
3 , 7 0 9 3 , 3 5 6 4 , 120  1, 7 0 9 
4 , 2 8 5 3 , 9 3 0 4 , 7 81 1 , 9 7 6 
4 , 7 95 4 , 450 5 , 3 6 6  2 , 22 3 
5 , 5 06  5 ., 170 5 , 96 7 2 , 56 9 
3 7  
2 , 5 54 
3 , 4 9 8  
4 , 016 
4 , 5 06  
5 , 2 2 5  
3 8 
TABLE V ( a ) 
Calculated Diffusion Coefficients for 
Binary Gas Mixtures at 1 Atmosphere 
1 2 12/K 
Gas Pair (A )  (K) 
He - Air 3 . 0 96 3 2 . 7 9 2 76 . 2 0 . 6 2 0 6  
3 17 . 2 0 . 7 8 2 1 
co
2 
- Air 3 . 768 9 14 1 . 8 3 2 76 . 2 0 . 13 2 5 
3 17 . 2 0 . 17 0 9  
A - He 2 . 9 99 2 3 7 . 0 2 7 6 � 2 0 . 6 3 6 9  
3 1 7 . 2 0 . 8 0 3 1 
co
2 
- He 3 . 2 58 9 4 6 . 2 5 2 76 . 2 0 . 5174 
3 1 7 0 2 0 . 6 53 9 
co
2 
- A 3 . 6 72 1 16 0 2 7 6 . 2 0 . 12 2 0 
3 1 7 . 2 0 . 157 8 
A - Air 3 . 50 92 113 . 42 2 7 6 . 2 0 . 16 7 7 
3 1 7 . 2 0 . 2 14 5 
3 9  
TABLE V (b )  
Calculated Diffusion Coefficients for 
Binary Gas Mixtures at 1 Atmosphere 
t- 1 2/K 
Gas Pair (A ) (K)  
A - 0
2 
3 . 43 9 118 . 7 2 93 . 2 0 . 18 6 8  
A - N 
2 
3 . 567 103 . 9  2 93 . 2 0 . 1 87 9 
A - H2 3 . 176 2 6 6 . 9 3  2 93 . 2 0 . 7 7 5  
N -
2 H2 3 . 3 3 1 54 . 3 2  273 . 2 0 . 6 6 0  





3 9 594 5 9 6 . 3 273 , 2 0 . 1 7 61 
2 93 . 2 0 . 2 04 
N -
2 
co2 3 0 8 2 6  1 2 9 . 9 2 73 .  2 0 0 1 3 51 





3 . 2 03 6 6 2 , 0 5 273  . 2 0 . 6 9 0 
H -2 
co2 3 , 43 6 8 3 . 67  2 73 .  2 0 . 551 
2 9 8 . 2 0 . 643  
co2 -o 2 3 . 6 9 9  14 8 . 2 2  2 73 .  2 0 . 1 2 9 
4 0  
SAMPLE CALCULATIONS 
Calculation of the Gas Density. For experimental 
test number l� the density of air was calculated as fol-
lows : 
P = p (STP) x 




where f (STP) = 1.293 gm/liter 
so 
T 2 98 . 16 °K 
P 736 . o  mm Hg 
f = (1.293) �<�2�73�. 1_6�)----�(_7�3_6_._o�) = 1 . 146 gm/liter (2 98 0 16 ) {76 0 . o J 
Calculation of the Tube Inclination Angle o For ex-
perimental test number 3, the angle of inclination of the 
viscometer tube was calculated as follows: 
sin () = 
Elevation of the board 
length of the board 
8 , 06 cm 
- 76 . 6 0 5  cm 
sin 9 =  0 0 1044 
() =  5
°59 '  
Calculation of the Resistance Factor. For experi-
mental test number 5, the resistance factor was calculated 
as follows: 
Resistance factor 51Tg X (D+d)
2 
X fo - f  2 n = - - - f - X Z sin a 42 L 2d 
where 
sin 
g 980 cm/sec/sec 
D = 1. 2 70 cm 
d = 1.2 6 0 8  cm 
L = 45. 65 
fo = 7 ,  80 7 gm/liter 
p = l. 141 gm/liter 
Z . = 17.41 sec 
{) = 0.1575 
Resistance factor 
Resistance factor 
51fx280 x {1. 220+1.2 6 0 8}
2 
x 42 45. 6 52xL> 2 608  
zs oz-l.l4l X 17.412 X 0 . 1575 l Q l4l 
28, 40 0  
41 
Calculation of the Reynold ' s  Number, For experi-
mental test number 5, the Reynold ' s  number was calculated 
as follows :  
Reynold ' s  Number Ld
2 f 
(D+d) X p z
· 
where L 45. 6 5 cm 
d l. 26 0 8  cm 
D l.270  cm 
f 1.141 gm/liter 
f 
- 1, 83 4  x 10- 7 gm/cm-sec 
z l7 v 4l sec 
then 
42 
= 45. 65 (1. 2608 )
2 
= 1 . 141 Reynold' s number ( l . 26 o8+l . 27) �___;;-:...;;;;;....r...=-�����7 17 . 41 x 1, 8 34xl0
-
Reynold' s number = l0 o 02 
Calculation of the Gas Viscosity. For experiment 
test number 41, the viscosity of argon was calculated 
as follows: 
or 
where 11 . • . 
r-air 
1 , 74lxl0-
7 gm/cm-sec ( 5 °c ) 
Z . = 17.02 sec air 
Z
A 
- 20 . 6 9  sec 
so the viscosity of argon at 5°c 
(1 9 ) 
20 • 69 x 1 , 741 x 10-7 116  x 10-7 I 17 . 02 = 2 , gm cm-sec 
Calculation of the Force Constant (�/K) o The force 
constant ( e/K ) for - argon between the temperatures 5 and 
90  degree centigrade was calculated as follows: 
. f 1} 3 )  ( T2* )  
f// 3 }  ( Tl-:i- ) . 
( 2 5 ) 
where j) (Tl) = 2 ., 116 x 10
-7 gm/cm sec 
f (T2) 
- 2, 625 x 10- 7 gm/cm sec 
Tl 
- ·2 7� . 16 OK 
T2 3
6 3 . 16 OK 
The calculation is a trial and error solution . Assume 
that the value of (e/K ) for argon was 128 °K . Thus : 
i� 
T 1 
278 . 16 
128 
363 . 16 
128 
= 2.8 3 6 3  
43 
From the tables in Hirschfelder, Curtiss and Bird (3 , 4) 
the following values for the collision integrals were  
obtained : 
(2) ( i�) _(l_ Tl 
(2) ( i�) 
..0. 
T2 
J...(3) (T i�) 





= 1 0 1 43 4 
= l . 0 54 4  
= 1 . 0 0 1 78 
= 1. 0 0 3 13 
Since the right hand side of Equation (2 5) was: 
( 
1, 1434 ] f 
1, 0 0313] = 1.0 8 58 1 . 0 544  L 1. 0 0 1 7 8  
and the left hand side of Equation (25) was : 
( 
�' 6 25 X 1 0-7 J [ 278 C> l6 ] 1/2 = l .  0 8 56 
l 2 , 116 X 10- 7 3 6 3 · 16 
The force constant ( �/K ) for argon was 128 °K . 
Calculation of the Collision Diameter, Once the 
value of (�/K)is known, the collision diameter may be 
evaluated as follows : 
4 4  
(26) 
The collision diameter for argon was calculated by substi-
tuting the following values into above equation : 
M 39 .9 4  gm 
e/K 128  °K 
T1�
� 
2 . 171 









2, 116 X 10-
7 gm/cm - sec 
266 0 93 1 39, 9 x 278 0 16 x 1. 00178 
2, 116 x 1 Q  1434 
6 3. 4123 A 
11. 6 43 
Calculation of the Viscosity from the Force Constants. 
The viscosity of argon at 1500 °K was calculated from its 




266 . 93) M T  (f /3 ) ( T*>J 
6 2 _n_ ( 2) ( T-�- ) 
39 .9 4  gm 
1, 500 °K 
0 
30 4123 A 
(10) 
f /i._3 ) ( T*) 




1 2 8 
l o 0075 
0.8102 8 
ll. 71 9  
2 66. 93 J 39.94 X l. 500 
3 q 4123
2 X 0. 81028 
6, 973 X l0- 7 gm/cm - sec 
45 
x 10 0075 
Calculation of Self-diffusion Coefficient from the 
Force Constants2 The self -diffusion coefficient for 
nitrogen at 353 .2 
0 
K and one atmosphere was calculated 













( 3)  ( T��) D 
D 
D 
constants � /K and 6 as follows : 
= 
0 . 002628 j T 3 /M . !J 3 )  ( T1� ) 
6 2 _(l(l) (T-�-) 
l atmosphere 
= 28 . 02 gm 
= 3 53 . 2 OK 
= 84. 3 OK 
0 
3 .. 7 2 2  A 
= 353 1 2 
84 . 3  
= 4.19 
= o . 87 4 5  
= 1 . 005 
= 0.002 62 8 l 35J . 23 L) 8.02 x 1 . 005 
(l) x (3 . 722) 2 x o.87 45  
= 0.2 73 3 cm.2 /sec 
(ll) 
46  
Calculation of the Diffusion Coefficient for a 
Binar:.y: Gas Mixture from the Force Constants9 The dif-
fusion coefficient for the gas pair A - 0
2 
at 293 . 2 OK 









T , 2. 
( l ) �t. 
_n. ( T;�) 



















6 1 2 2 .(2 l (Tl2-3}) 
molecular weight of 
molecular weight of 
l atmosphere 
1/2 (3 9 4 6  7 + 3 . 4123) 
2 93 . 2  OK 
(12 8 x 110)1/ 2 
2 23.2 





= 3 2 . 0 gm 
= 3 . 4 3 96 R 
= 118. 7  °K 
== 2 . 4 7 
(1 3) 
= 0 . 0 0 2 6 2 8 }  2 93 q 2
3 (3 2 0 0+39. 94)/2x3 2 . ox3 9. 94x1 . 002 6 
. (1) X ( 3 . 4396)
2 X 1 . 003 6 
= 0.18 68 cm2/sec 
IV . DISCUSSION 
The discussion section of this thesis will be 
concerned with the following_ items: (l) discussion 
of results, (2) recommendations, and (3 ) limitations. 
Discussions of Results 
The discussion section of this thesis is divided 
into the following items: (1 ) comparison of exper-
4 7  
imental gas viscosities with previous investigations, 
(2) comparison of experimentally determined force con­
stants with previous investigations, and (3 ) comparison 
of transport coefficients calculated from these force 
constants with the experimental data given in the lit-
erature. 
Comparison of Experimental Gas Viscosities with 
Previous Investigations. The viscosities measured by 
the rolling ball viscometer for argon, heliwn, carbon 
dioxide, oxygen, hydrogen and nitrogen were found to be 
in good agreement with values given in the literature. 
Tables VI to XI inclusive compare the viscosities for 
the gases determined in this investigation with pub­
lished viscosity values obtained from literature sources. 
(1 7, 18 , 19) Viscosity data are also compared graphically 
with the accepted published data as shown in Figures 9 to 
14 inclusive. The experimental viscosities for the six 
48 
TABLE VI 
Comparison of the Experimental Values 
Temperature 
( Q C )  
5. 0 
5 0 . 0  
9 0 . 0  







2, 39 3 
2, 6 25 
Viscosity by 






2, 6 38 
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TABL E VII 
Comparison of the Experimental Values 
Temperature 
( Q C) 






1 , 8 69 + 6 .1 
2, 06 4  + 5 . 8  
2., 223 + 6 . 7  
Viscosity by 




1, 88 0  




Comparison of the Experimental Values 
.f..Q!: the Viscositx of Carbon Dioxide 










Previous ( 18, 1 9) 
Investigations 
1, 41 7 + 5.1 
1, 617 + 5 � 5 








Comparison of the Experimental Values 
Temperature 
( Q C )  
5. 0 
5 0 . 0 
90.0 






1, 927 + 7. 3 
2 ., 168 + 7 . 5 
2, 370 + 10. 3 
Viscosity by 






2, 3 80 
TABLE X 
Comparison of the Experimental Values 







Previous (18, 19) 
Investigations ( Q C ) x107 
(gm/cm-sec) 
862 + 3 . 2  
950 + 4 .5 






5 3  
TABLE XI 
Comparison of the Experimental Values 
Temperature 
( Q C )  
5.0 
50.0 
90 . 0  






1, 684 + 6 . 8 
1, 880 + 6.5 
2, 046 + 10 
Viscosity by 
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Figure 12 . Viscosity Curve for Oxygen . 
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Figure 13 .  Viacoaity Curve for Hydrogen. 
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8. Data of Literature ( 18 , 19 )  
___ l_ __ _  _j_ _ _  _j ___  _ 
2 90 310 3 3 0 3 5 0 
Temperature , °K  
Figure 14 . Viscosity Curve for Nitrogen . 
3 70 3 90 
5 9  
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selected non-polar · gases were found to be  within one 
and half per cent of those given in the literature . 
The accuracy of the experimental viscosity data are 
attributed to the fact that all of the measurements 
at a given temperature level were performed at con-
stant inclination angles ,  Hence � for a given tern-
p erature the viscosity was dep endent only upon the 
time required for the ball to roll a given distance 
in the viscometer. The time was accurately measured 
by using a p hotoelectric timing system .  
Comparison of Experimentally Determined Force 
Constants with Previous Investigations .  The values 
of the exp erimentally determined force constants 
were found to differ from values reported by previous 
investigators. (2 0 ) Table XII presents the values of 
the force constants for the Lennard-Jones potential 
calculated from the experimental viscosity data between 
5 and 50 degrees Centigrade and compared with results 
from other investigations. 
The force bonstants determined in this work varied 
somewhat from literature values. They varied from approx-
imately three per cent for carbon dioxide to ten per cent 
for helium ,. This was attributed to the small variation 
in the exp erimental viscosity data since the values of 
the force constants are extremely sensitive to variations 
in viscosity data . None of the previous investigators 
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TABLE XII 
C omparison of Force C onstants from Experimental 














Investigations ( 20) 
i'\ 
ft../K (
°K) 100. 5 97 













128 + 5 
3 . 4123 
10. 7 + L. l 
2 .5865 
110 + 7 . 5  
3 . 46 7  
124 
3 . 48 
10.22 
2.5 7 6  
113 
3. 43 3  
84 . 3 + 6 1) 9 91. 5 
3 . 7 22 3 . 681 
3 5 + 3 . 05 33 . 3 
2.9402 2. 9 68 
200 + 6 1 90 






7 9. 8  




3 . 89 7 
* The force constants of air were calculated from the 
published viscosity data . 
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had given any information about the variation in the 
values of their force constants . Table II also lists 
the force constants for each gas evaluated from the 
viscosity d ata between 5 and 5 0 ,  and 50 and 90 degrees 
Centigrade respectively .  These data show that the 
m agnitude of the force constants for argon, c arbon 
dioxide, oxygen, hydrogen and nitrogen are nearly in­
dependent of the temperature range over which the force 
constants had been evaluated. This would indicate that 
the Lennard-Jones potential function is very satisfactory 
in explaining the intermolecular forces for these single 
non-polar gases . It was also observed that the force 
constants for helium varied somewhat over the range of 
temperature � This dependance of temperature for helium 
is probably due to the f act that the twelfth-power ex­
ponent on the repulsion term does not apply as well for 
helium as for the other gases . This also implies that 
the Lennard-Jones potential function is not entirely 
satisfactory for helium . 
Comp arison - of Calculated Transport Coefficients with 
the Experimental D ata Given in the Literature, The vis-
cosities and the coefficients of diffusion for the six 
non-pol ar gases were c alculated at various temperatures 
from their force constants . Table XIII lists the cal-
cul ated viscosities at high temperatures where the vis­




8 00  
1 , 0 0 0  
1, 2 0 0  
1 , 5 0 0  
TABLE XIII ( a )  
Comparison of Calcul ated and Experiment al ( l S , Z l ) 
Viscosities at High Temperatures 
x10 7 in gm/cm-sec 
A He 
Calcd . Exptl . Calcd . 
3 , 33 7 3 , 3 45 2 , 73 6 
4 , 6 2 9 4 , 6 21  3 , 70 9 
5 , 3 7 0 5 , 3 0 2 4 , 2 8 5 
6 , 0 71 · 5 , 94 7 4 , 7 95 
6 , 9 73 6 , 77 8 5 , 506 
Exptl . 
2 , 7 63 
3 , 840 




Calcd . Exptl . 
2 , 3 5 0 2 , 3 8 5  
3 , 3 56  { 3 ' 5 6
7 
3 , 3 91 
3 , 93 0  
c, 93 5 4 , 19 8  
4 , 4 5 0 { 4 ,  4
5 3 , 7 66  
5 , 1 7 0 
{ 5 ,  13 9 
5 , 52 9 
T 
( OK ) 
5 0 0  
8 0 0  
1, 0 0 0  
1, 2 0 0  
1 , 5 0 0  
TABLE XID: (b ) 
Comparison of Calculated and Experiment al ( lB , 2l ) 
Viscosities at High Temperatures 
x10 7 in gm/cm-sec 
Calcd . Exptl .  Calcd . Exptl .  
2 , 9 90 3 , 01 7 1 , 2 5 1 1 , 2 5 7  
4, 12 0  
{4 , 2 73  
4, 115 1 , 7 0 9 1, 744 
4, 7 81  
( 4 , 917  
4, 7 2 0 1 , 97 6 1 , 9 8 7  
5 , 3 6 6  5 , 49 2 2 , 22 3  2 , 20 5 
5 ,  96 7 6 , 2 64 2 , 5 6 9 2 , 496 
Calcd . Exptl .  
2 , 5 54  2 , 5 6 0  
3 , 498 
e , 6 1 0  
3 , 493 
4, 016 
{4 , 0 6 6  
4 , 011 
4, 5 0 6  
{ 4 , 6 13 
4, 4 5 2  
5 , 2 2 5 e ,
0 5 0 
5 , 24 7 
6 4 
Gas Pair 
He - Air 
co2 - Air 







A - Air 
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TABLE XIV (a) 
Comparison of Calculated and Experimenta1 ( 2 2 ) 




3 . 0 96 
3 . 768 9 
2 . 9992 
3 . 2 58 9 
3 . 67 2 1 




3 2 . 7 9 
141 . 8 3 
37 . 0  






2 7 6. 2 
3 17 . 2 
276. 2 
3 17 0 2 
276. 2 
3 17. 2 
2 7 6. 2 
3 17 .• 2 
276 . 2  
3 17.2 
276.2 




( cm2/sec ) 
0 . 6 20 6  
0 . 78 21 
0.13 25 
O . l7 0 9  
0. 6 3 69 
0.8 0 3 1 
0.5174 








0 0 6242 
0 . 76 52 
0.142 0 
0. 177 2 
0 . 6 460 
0.7 968 
0 . 53 12 
0 . 6 6 07 
0 .13 26 
0.16 52 
- - -
TABLE XIV(b ) 
Comparison of Calculated 
Diffusion Coefficients 
6 1 2 {:; 12/K 
Gas Pair ( A )  (OK) 
A - 0
2 
3 . 4 3 9 118. 7  
A - N 
2 
3. 56 7 103 .9 
A - H
2 









3.5945 96. 3 
N
2 















3.699 148.2 2 
and Experimenta1 ( 2 3 )  




OK) (cm2 /sec) 
29 3 . 2 0 . 1868 
29 3.2 0. 1879 
29 3 0 2  0 . 7 75  
2 7 3 . 2 0.6 6 0  
2 88� 2 0 . 7 24 
2 7 3. 2 0. 1 7 61 
29 3.2 0. 2 0 4  
2 7 3 _.2 0.13 51 
29 8.2 0.158 
27 3 0 2 O o 69 0 
27 3.2 0.551 
29 8.2 0 0 6 43 
27 3.2 0.129 










0 . 2 2  
0.1 44 
0.16 5 
0 . 697 




Comparison of Calculated and Observed ( 24 )  Self-Diffusion 




A 3 53 . 2  0 . 24 7 
273 . 2 0 � 156 
77 . 7  0 . 013 3 5 
"2 
273 l . 2 55 
85 0 .. 16 8 3  
N2 3
53 . 2  0. 2 74 
273 . 2 0 . 17 5 
77 . 7  o ._ 016 3 
02 
3 53 . 2 0 . 27 8 5 
273 . 2 0 . 174 
77 . 7  0 . 0154 
co
2 
3 6 2 . 6  0 . 1 56 
273 . 2 0 . 0 91 5  
1 94 . 8 0 . 047 5 
D 
Experimental 
( cm2/ sec ) 
0. 24 9 
0 . 1 58 
0 0 0134 
l. 2 8 5  
0 . 1 7 2 
0 .. 2 8 7  
0 .17 2  
0 . 01 6 8  
0 . 3 01 
0 . 17 5 
0 4 0153 
O . 16 44 
0 . 0 9 70 
0 . 0 516 
6 7 
ball viscometer . There is an excellent agreement 
between the calculated viscosities and the experiment­
al viscosity data available in literature . The coef­
ficients of diffusion for gas pairs and the self­
diffusion coefficients for each gas at various tem­
peratures and one atmosphere were also calculated 
6 8  
from the force constants. They are also in very good 
agreement with the published experimental data as shown 
in Table XIV and Table XV � 
Recommendations. 
For future work the following recommendations are 
made: 
l. Two different type photoelectric receivers 
with different sensitivities were used in the rolling 
b all viscometer. This could affect the reproducibility 
of the roll time readings . It is recommended that the 
Warner 6 2 -R type photoelectric rece·iver should be re­
placed by another Warner 4000-R type photoelectric re­
ceiver, so a more precise time reading can be obtained. 
2 .  It was found difficult to move the ball from 
the lower end to the upper end of the viscometer tube by 
using the magnet when the viscometer was operated at 
higher temperatures. This was due to the increased vis­
cosi ty of the gas and the expansion of the steel ball 
6 9  
with increasing temperature. A steel ball with smaller 
diameter should be used for the high temperature vis­
cosity measurements . It is also suggested that a more 
powerful permanent magnet be used to position the 
steel ball. 
3 .  The highest operating temperature that could 
be reached by the water bath was 95 degrees Centigrade . 
If a colorless non-reactive liquid with a high boiling 
point could be used in the constant temperatur� bath, 
the viscometer would be capable of measur�ng the vis­
cosity of a gas at a higher temperature� 
Limitations. 
The experimental work presented in this thesis 
was limited to the measurement of the viscosity and 
calculation of the force constants and other transport 
coefficients for argon, heliwn, carbon dioxide, oxygen, 
hydrogen and nitrogen . All the viscosity determinations 
were performed at 5 ,  50  and 90 degrees Centigrade and 
with a pressure of approximately one atmosphere. All 
experimental determinations were made with the tube 
filled with the pure gas. No determinations of the vis­
cosity of mixtures were attempted in this work . 
V. CONCLUSION 
70 
The determination of the force constants for the 
six selected non-polar gases from viscosity data meas­
ured with a rolling ball viscometer and the calculation 
of their transport coefficients at various temperatures 
led to the following conclusions: 
l q The viscosity of any non-corrosive gas could 
be measured by this simple rolling ball viscometer 
satisfactorily within the temperature and pressure 
ranges used in this work . 
2. The viscosity measured by this viscometer is 
essentially identical to the viscosity obtained under 
flow or other dynamic conditions. 
3 . The force constants for non-polar gases, which 
are in fairly good agreement with those given in the 
literature, could be evaluated from the viscosity data 
obtained in the limited temperature range from 5 to 90 
degrees Centigrade. 
4 . T he viscosity for each non-polar gas, the coef­
ficient for self diffusion and diffusivities for non­
polar gas pairs could be calculated from the force con-
st ants . These calculated values were in good agreement 
with experimental data. 
5o  It can be concluded that this rolling ball vis­
cometer is suitable for carrying out further work for the 
viscosity measurements and the determination of force 
constants for non-polar gas mixtures. 
VI . SUMMARY 
7 1  
The force constants for the non-po1 ar gases 
argon, helium, carbon dioxide, oxygen, hydrogen and 
nitrogen were evaluated from the experimental vis­
cosity data over a temperatur e r ange of 5 to 90 de­
grees Centigrade o A simple rolling ball viscometer 
was designed and constructed to determine the vis­
cosity data for these non-pol ar gases. In this vis­
cometer � a steel ball of known diameter was allowed 
to roll through an inclined precision bore glass tube. 
The viscosity of the gases could be determined accu­
r ately from the time required for the ball to tr averse 
a specific distance in the viscometer tube which con­
tained the g as to be studied. The viscosity of air 
was chosen to standardize this viscometer at each 
temperature. The time for the ball to traverse the 
specific distance in the viscometer tube was measured 
using a photoelectric timing system. The viscosity 
measurements wer e performed at a constant inclination 
angle for each particul ar tempera ture . The force con­
stants for each non-polar gas were calculated from the 
experimental viscosity data using the Lennard-Jones 
potential energy function o The tr ansport coefficients 
(viscosity and diffusion coefficients) at various tem­
peratures were also calculated from these force constants . 
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The values of the experimental viscosity data, 
the calculated force constants and the calculated 
transport coefficients for the non-polar gases ob­
tained in this investigation were in very good agree­
ment with those values given in the literature sources. 
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VII. APPENDICES 
All materials used in the experimental work are 
listed and described in Appendix A. The data taken 
during the experimental determinations of the viscosity 
coefficients are listed in Appendix B. 
APPENDIX A 
List of Materials 
Air . Compressed, oil pumped. Specifications :  
air 99.9 per cent, with 20.9 per cent oxygen, 79. l 
per cent nitrogen, and 0.1 per cent argon. The dew 
point is - 75 degrees Fahrenheit . Used for standardiza­
tion medium in the viscometer. 
Argon . Compressed. Specifications : Argon with 
minimwn purity of 99. 995 per cent containing less than 
7 ppm of oxygen, 5 ppm of hydrogen and 5 0  ppm of nitro­
gen with a dew point around -90 degrees Fahrenheit . 
Helium 9 Compressed. Specifications : Helium 
minimwn purity 99 . 99 per cent with a dew point around 
-76 degrees Fahrenheit. 
Carbon Dioxide . Compressed, Bone Dry . Specific a-
tions : Carbon Dioxide,  Bone Dry with a minimwn purity 
of 99. 8 per cent with 0 . 05 per cent nitrogen, 0 �009 per 
cent oxygen and ·0.0025 per cent water. 
Oxygen . Compressed, extra dry . Specifications :  
7 4  
Oxygen with a minimum purity of 99. 8 per cent with O . l  
per cent of carbon dioxide and 0. 05 per cent of nitrogen. 
Hydrogen .  Compressed, Electrolytic Grade. Specif­
ication : Hydrogen with a minimum purity of 99.8 per cent 
with 0 .03 per cent nitrogen, 0 . 005 per cent carbon 
dioxide and 0.001 per cent water. 
Nitrogen . Compressed, Research Grade. Specifica­
tions :  Nitrogen with a minimum purity of 99 . 9  per cent 
containing less than 5 ppm of oxygen, 5 ppm of hydrogen 
and 50 ppm of argon . 
All of the above gases were obtained from the 




This appendix contains the experimental data that 













Experimental Data for Determination of 
the Viscometer "Correlation Curve" Using 
Air at 25 Q C  and Atmospheric Pressure 
Angle of 
Inclination 
( 0 f ) 
3 57 




l l  13 






1 ., 8 3 4  
1 , 8 34  
1 , 8 34 
1, 8 34 
1 , 8 34 
1, 8 34  
1, 8 34 
1 , 8 34 
Reynold ' s  
No. 
4 . 3 5 
6 . 27 
6 . 78 
7 o 8 5 
l0 e 02 
11 . 87 
13 . 65  
14 . 11 
7 7  
Resistance 
Factor 
6 8 6 , ooo  
467, 0 00 
43 1 , 0 00 
3 8 0 , 000  
2 84, 0 00 
260 , s oo 
211 , 0 00 
2 07, 000  
TABLE XVII 
Experimental Data for Standardization 
of the Viscometer Using Air at � 
















l7 a 01 
17 . 03 
17 9 02 
17 . 00 





1 7 . 04 
Test 
No .  






2 5  
26 






17 9 03 
17. 05 
16 0 99 
16. 97 
17 0 01 
17 . 07  
17 0 09 
16.99 
17 . 02 
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TABLE XVIII 
Experimental Data for Determination of 
the Viscosity of Argon at 5 ° C,  
Atmospheric Pressure and 8 ° 21 ' Inclination Angle 
Test Roll Viscosity Test Roll 
No. Time x10 7 No. Time (sec) {gm/cm-sec) 
(sec) 
29 20 . 6 5 2, 112 .. 3 3 9  20.6 2 
3 0 20.6 6 2, 113 . 3 40 20. 7 3 
31 20. 72 2, 119. 5 41 20 . 6 9  
32 20 . 6 6  2, 113 . 3  42 20 . 6 7 
3 3  20. 72 2,119.5 43 20.7 3 
3 4  20 . 7 5 2 , 12 2 . 5 44 2 0 . 6 7 
3 5  20. 71 2, 118.5 45 20. 72 
3 6  20. 6 8  2, 115. 4 46 20 . 6 5  
3 7  20. 6 7 2 ., 114.4 47 20 . 7 1 





2, 10 9. 3 
2, 121 . 5  
2 , 116 . 4  
2, 114.4 
2, 121. 5 
2, 114 . 4 
2, 119.5 
2, 112.3 
2, 118 .5 
2, 113 .3 
TABLE XIX 
Experimental D ata for D etermination of 
the Viscosity of Helium at 5 ° C,  
80 
Atmospheric Pressure and 8 Q 21 ' Inclination Angle 
T est Roll Viscosity Test Roll Viscosity 
No . Time x10 7 N
o .  T ime x10 7 
( sec ) (gm/cm-sec ) 
( sec ) (gm/cm-sec ) 
4 9  18 . 24 1, 864 . 8  5 9 1 8 . 3 0  l , 8 71 . 9 
5 0  1 8 . 2 7 1, 86 8 . 8  60  1 8 . 24 l , 8 6 5 . 8 
51 18 . 2 8 1 , 86 9 .. 9 61  18 . 23 1., 8 64 . 8  
52  18 . 2 4 1., 8 6 5 . 8 6 2  1 8 . 24 l, 86 5 . 8 
5 3 18 . 31 1 ., 8 73 . 0  6 3  18 . 2 5 1 , 866 . 8  
54 18 . 2 9  1, 8 70 . 9  6 4  1 8 . 2 7  1 ., 8 6 8 . 8  
55 1 8 . 2 9  1., 8 70 . 9 65  1 8 . 2 7 1, 8 6 8 . 8  
56  18 . 2 5  l, 86 6 . 8  6 6  1 8 . 2 8  l, 86 9 . 9  
5 7 1 8  .. 24 1, 8 6 5 . 8 6 7  1 8 . 24 l , 8 6 5 . 8 
5 8  18 . 3 5  1, 8 7 7  .. 0 6 8· 1 8 . 2 9  1 , 8 70 . 9 
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TABLE XX 
Experimental Dat a for Det ermination of 
the Viscosity of Carbon Dioxide 
at 5 ° C, Atmospheric Pressur e � 8 ° 21 ' Inclination Angle 
Test Roll Viscosity Test Roll Viscosity 
No o Time x10 7 N o . Time x10 7 ( sec )  (gm/cm-sec ) (
sec ) (gm/cm-sec ) 
6 9  13 . 86 l, 41 7 � 8 7 9  13 0 8 7 1, 41 8. 8 
70  13 . 90  1 , 421 . 9  8 0  13. 8 3  1, 414. 7  
71 13 . 8 5 1, 416 . 7  8 1  13 . 8 2  1, 413 . 7  
72  13 . 8 6 1 , 41 7 . 8  8 2  13. 8 1 1 , 412 . 6  
73 13 . 84 1 , 41 5 . 7 83 13 . 8 1 1, 412 . 6  
74 13 . 8 4 1 , 415. 7 8 4  13 . 8 9  1 , 4 2 0. 8  
75  13 . 83 l , 414 � 7  85 13 . 8 9  1 , 4 2 0 . 8  
76  13 � 8 5 1 ., 416 . 7  8 6  13 . 9 0 1 , 421. 9 
7 7  13. 8 0  1, 411 0 6  8 7  13 . 8 7 1 ., 418. 8 
7 8 13 . 8 6 1, 41 7 . 8 ,  8 8 · 13. 8 4 1, 415 . 7  
TABLE XXI 
E xperimental Data for Standardization 
of the Viscometer Using Air at 50 ° C ,  









9 5  
96 
9 7  




2lo- 73  
21.7 5 
2 1. 69 
21.74 
21.7 7 
2 1. 74 

























21.7 3  
21. 6 8  
2L. 71  
21.79 
8 2  
8 3 
TABLE XXII 
Experimental Data for Determination 
of the Viscosity of Argon at 50 ° C, 
Atmospheric Pressure and 8 Q 34 t Inclination Angle 
Test Roll Viscosity Test Roll Viscosity 
No. Time x10 7 No. Time x10 7 (sec) { gm/cm-sec ) (sec ) 
10 9 26 . 72 2 , 3 9 7 . 4 119 26 . 6 1 2, 3 8 7 . 5 
110 26 . 6 8 2 , 3 9 3 . 8  120 26 . 6 2 2 , 3 8 8 . 4  
lll 26 .  71 2 , 3 96 . 5 121 2 6 . 6 0 2 , 3 8 6 . 6  
112 26 . 74 2 , 3 9 9 . 2  122 2 6 . 7 1 2 , 3 9 6 . 5  
113 26 . 72 2 , 3 9 7 . 4  123 2 6  . 6 7 2 , 3 9 2 . 9 
114 26 . 6 7 2 , 3 9 2 . 9  124 2 6 . 6 9 2 , 3 94 . 7 
115 26 . 6 9 2 , 3 94 . 7 12 5 2 6 . 6 2 2 , 3 8 8 . 4  
116 26 . 7 0 2 ., 3 9 5 . 6 126 2 6 . 6 3 2 , 3 8 9 . 3 
11 7 26 . 6 6 2 , 3 9 2 . 0  12 7 2 6 . 6 6 2 , 3 9 2 . 0 
118 26 . 6 6 2 , 3 9 2 . 0  1 2 8  2 6 . 6 8 2 ., 3 93 . 8 
8 4  
TABLE XXIII 
Experimental Data for Determination 
of the Viscosity of Helium at 50 ° C ,  
Atmospheric Pressure and 8 Q 34 t Inclination Angle 
Test Roll Viscosity Test Roll Viscosity 
No. Time xio 7 No. Time xlo 7 
(sec) (gm/cm-sec) (sec) { gm/cm-sec) 
12 9 2 3.01 2, 06 4. 5 13 9 2 3 . 0 1 2 , 06 4.5 
13 0 2 3 . 01 2, 06 4. 5 140 2 3 . 02 2, 06 5 . 4  
13 1 2 3 . 06 2, 06 9 � 0  141 23 . 04 2, 06 7.2 
13 2 2 3 .04 2 , 067 . 2  142 2 3 . 0 2 2, 06 5.4 
13 3 22 . 94 2, 0 58 . 2 143 2 3 .0 1  2 , 064.5 
13 4 22 .. 9 4  2, 0 58 . 2  144 2 3 . 02 2, 06 5. 4 
13 5 22 . 9 8 2, 061 . 8 145 22 . 9 5 2, 0 59 . 1  
136 2 3 . 00 2, 06 3 . 6  146 22.9 9 2, 062. 7 
13 7 2 2 . 9 8 2 , 06 1 0 8 147 23 . 1 7 2, 06 9 . 9 
13 8 22.9 8 2, 06 1 . 8  148 23 . 0 2 2, 06 5.4 
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TABLE XXIV 
Experimental Data for Determination 
of the Viscosity of Carbon Dioxide at 50 ° C, 
Atmospheric Pressure and 8 ° 34 ' Inclination Angle 
Test Roll Viscosity Test Roll Viscosity 
No . Time x10 7 No. Time x10 7 (sec) ( gm/cm-sec) ( sec ) (gm/cm-sec) 
14 9 17 . 98 1, 613 . 2  15 9 18.0 6 1, 620 0 4  
150 18. 02 1, 616.8 16 0 1 7. 95 1, 610.5 
151 18.04  1, 618.6 161 1 7.97 1, 612.3 
152 18.0 5 1, 619.5 162 18.02 1, 616 . 8  
153 17. 97 1, 612.3 163 180 0 4  1, 618.6  
154 17 0 94 1, 6 0 9. 6  164 18.0 5 1, 619.5 
155 17. 94 1, 60 9.6 16 5 18. 0 6  1, 620.4 
156 18.02 1, 616 . 8  16 6 18. 0 5  1, 619.5 
157 18. 0 6  1, 620.4 16 7 1 8.01 1, 615 0 9 
158 18. 0 6  1, 620.4 16 8 18. 04 1, 618. 6 
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TABL E XXV 
Experimental Data for Standardization 
of the Viscometer Using Air at 90Q C ,  
Atmospheric Pressure and 10° 30' Inclination Angle 
Test Roll Test Roll 
No.  Time No. . Time 
(sec) (sec) 
16 9 22.06 17 9 22.09 
170 22 . 13 1 80 22 . 19 
171 22 0 07 181 22.20 
1 72 22.14 1 82 22.17 
173 22 .20 183 22.18 
174  22 . 16 184 22.09 
175 2 2 . 14 1 85 22. 21  
176  22 . 17 1 86 22 . 24 
177 22 . 14 1 87 22 . 17 
1 7 8  22.15 1 88 22 . 11 
TABLE XXVI 
Experimental Data for Determination 
of the Viscosity of Argon at 90 Q C, 
Atmospheric Pressure and 10 930 ' Inclination 




(sec) (gm/cm-sec) (sec) 
189 2 7 . 25 2, 6 2� . 3  199 27 . 3 5 
1 90 2 7.26 2, 6 23 . 2 200 27.24 
191 2 7. 26 2, 6 23 . 2 201 27 . 23 
192 2 7.2 5 2., 62 2. 3 202 27 . 29 
193 2 7 . 29 2, 6 26.1 203 27. 3 4 
194 2 7 . 3 1 2, 6 28 . 1  204 27 . 3 5  
195 27.3 3 2, 629.9 205 27.3 1  
1 96 27 . 23 2, 6 20 0 3  206 27. 28 
1 97 2 7 . 3 3 2, 62 9. 9  207 27 . 21 







2, 6 3 1.9 
2, 621 . 3 
2, 6 20.3 
2, 6 26 . l 
2 ., 630 . 9  
2., 631.9 
2., 6 28 . l  
2, 6 2 5. 2  
2, 618. 4  
2, 6 23 . 2  
8 8  
TABLE XXVII 
Experimental Data for Determination 
of � Viscosity of Helium at 90 Q C ,  
Atmospheric Pressure and l0 Q 30 '  Inclination Angle 
T est Roll Viscosity Test Roll Viscosity 
No . Time xio 7 No. Time xio 7 (sec) {gm/cm-sec) (
sec) {gm/cm-sec) 
209 23 . 12 2., 224.8 219 23 .11 2, 223 . 9  
210 23.14 2, 226.8  220 23 . 03 2., 216. 2 
211 23 . 12 2, 224 . 8  221 23 . 13 2., 225.8 
212 23 .. 06 2, 219_ 1 222 23 .03 2, 216 . 2 
213 23. 14 2, 226 . 7 223 23 . 10 2.t 222. 9 
214 23 . 13 2, 225. 8 224 23 . 12 2., 224 . 8 
215 23. 10 2., 222. 9 225 23.17 2, 229. 7 
216 23 . 07 2., 220. 0 226 23 . 08 2., 22L� O 
217 23 . 12 2, 224. 8 227 23 . 09 2, 221.9 
218 23 . 13 2, 225. 8 22 8 23.08 2, 221.0 
89 
TABLE XXVIII 
Experimental Data for Determination 
of the Viscosity of Carbon Dioxide at 90 Q C, 
Atmospheric Pressure and 10° 30 '  Inclination Angle 
Test Roll Viscosity Test Roll Viscosity 





22 9 1 8. 74 1, 803 . 4  239 18. 80 1, 809 . 1 
230 18. 7 5 1, 804 . 3  240 18. 7 8 1, 807 0 2  
231 1 8.7 8 1, 807 . 2  241 18 9 80 1, 809.1 
232 18.7 6 1, 805 . 3 242 18. 7 5 1, 804 . 3 
233 18. 74 1, 803 . 4  243 18.76 1, 805. 3 
234 18. 72 1, 801.4 244 18.82 1 , 811 . 1  
2 35 18. 7 5 1, 804. 3 245 18. 7 5 1, 804 0 3  
236 18. 83 1, 812. 0 24 6 18.7 4 1, 803.4 
237 18. 79 1, 808. 2 247 18.7 5 1 , 804.3 
238 18.79 1, 808.2 24 8 18.82 1, 811.1 
TABLE XXIX 
Experimental Data for Standardization 
of the Viscometer Using Air at 5 ° C,  
















19 . 12 
19 . 18 
19. 1 9  
l9 et 21 
19. 10 
19 . 17 
19 Q 21 
19.12 
19. 10 
















19 . 13 
19 . 21 
19 . 15 
19 . 14 
19 . 16 
19 . 18 
19 . 20 
19 . ll 
19.13 
19 . 1 9  
9 0  
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TABLE XXX 
E:xperimental Data for Determination 
of the Viscosity of Oxygen at 5 Q C, 
Atmospheric Pressure and 7 Q45 ' Inclination Angle 
Test Roll Viscosity Test Roll Viscosity 
No o Time 
xl.0
7 No. Time x107 (sec) (gm/cm-sec) (sec) (gm/cm-sec) 
2 69 21 . 2 5 1, 9 31 . 3 2 7 9  210 2 4  1, 9 3 0 . 4  
2 7 0 21. 21 1, 9 2 7 . 7 2 80 21.15 1, 9 2 2 . 2  
2 7 1  21. 2 7 1, 93 3 . 2 2 81 21.18 1, 92 5 .0 
2 7 2  21.12 1, 91 9 . 5  2 82 21.19 1, 9 2 5 . 9 
2 73 21. 2 5  1., 931 . 3 2 83 21. 2 5  1, 931. 3 
2 7 4  2lol7 1, 9 2 4 . 0 2 84 21.2 2  1, 92 8 . 6 
2 7 5 21. 21 1 ., 92 7.7 2 8 5 21. 2 5  1, 931.3 
2 7 6  210 17  1, 9 2 4,. 0 2 86 21.2 2 1, 9 2 8.6 
2 7 7 21. 2 5  1 ,  931 .  3 2 87 21.18 1, 9 2 5 . 0  
2 7 8  21. 0 9 1, 916 . 8 2 88 21. 2 1  1, 92 7 .7 
TABLE XXXI 
Experimental Data for Determination 
of the Viscosity of Nitrogen at 5 ° C, 
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Atmospheric Pressure and 7 Q45 ' Inclination Angle 
Test Roll Viscosity Test Roll Viscosity 
No . Time xl07 No. 
Time x107 
(sec) ( gm/cm-sec) 
( sec) (gm/cm-sec) 
289 18. 5 8  1,6 88 . 6  2 99 18.46 1,6 7 7.7 
2 90 18. 5 7  1,6 87 .. 7 3 00 18.48 1 , 6 7 9.6 
2 91 18. 5 8  1, 6 88 . 6  3 01 18.48 1, 6 7 9.6 
292 18. 5 8 1, 6 88. 6  3 02 18. 5 8  1 , 6 88 0 6  
2 93 18 . 6 0 1, 6 90.4 3 03 18.49 1, 6 80.5 
2 94 18. 5 7  1, 6 87 . 7 3 04 18. 5 1  1, 6 82 . 3 
2 95 18. 5 1  1, 6 82. 3 3 05 180 6 0  1, 6 90 . 4 
2 96 18. 48 1, 6 7 9. 6  3 06 18. 52  1 , 6 83 . 2 
2 97 18. 5 0 1, 6 81.4 3 07 18.47 1, 6 7 8 . 6  
2 98 18. 45 1., 6 76 . 8  3 08 18.5 9 l, 6 890 6 
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TABLE XXXII 
Experimental D at a  for D et ermination 
of the Viscosity of Hydrogen at 5 Q C, 
Atmospheri c  Pressure and 7 °45 ' Inclination Angle 
Test  Roll Viscosity Test Roll Viscosity 
No . Time x10 7 No . Time xio 7 ( s e c )  ( gm/cm-sec ) ( sec ) ( gm/ cm-s ec )  
3 0 9 9. 4 5  8 58 . 8 3 19 9. 4 8 8 610 6 
3 10 9. 5 0 8 6 3 . 4 3 2 0 9 . 4 9  8 6 2 . 5  
3 11 9 . 4 8 8 61. 6 3 21 9 . 5 0  8 6 3 . 4 
3 12 9 . 4 9  8 6 2  .. 5 3 22 9 o 4 7 8 6 0 . 7 
3 13 9 . 4 8 8 6 1. 6 3 23 9 . 4 8 8 6 1. 6 
3 14 9 � 4 7 8 6 0 . 7 3 24 9 . 4 9 8 6 2 . 5  
3 15 9 . 4 9  8 6 2 . 5  3 2 5 9 . 4 7 8 6 0 . 7 
316 9 c. 4 3 8 5 7 . l  3 26 9 . 4 8 8 6 1. 6  
3 17 9 . 5 0 8 6 3 . 4 3 2 7  9 . 5 0  8 6 3 . 4 
3 18 9 . 4 9 8 6 2 . 5  3 28 9 . 46 8 5 9 . 8 
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TABLE XXXIII 
Experimental Data for Standardization 
of the Viscometer Using Air at 50 Q C, 
Atmospheric Pressure and 8 ° 11 ' Inclination Angle 
Test Roll Test Roll 
No. Time No. Time 
(sec) (sec) 
3 29 23 . 00 3 3 9  22. 8 7 
3 3 0 23.00 3 40 22.97 
3 3 1 22 0 92 3 41 22 . 96 
3 32 22.84 3 42 23 . 01 
3 3 3 22 . 84 343 22.8 6 
3 3 4  22 . 98 3 4 4 22 . 91 
3 35 22 . 84 3 45 22.96 
3 3 6 22 . 94 3 46 23.00 
3 3 7  22 . 95 347 22. 94 
3 3 8 23 . 01 3 4 8 22. 95 
95  
TABLE XXXIV 
Experiment al D at a  for D etermination 
of the Viscosity of Oxygen at 50 Q C, 
Atmospheric Pressure and 8 � 11 1 Inclination Angle 
Test  Roll Viscosity Test Roll Viscosity 
No . Time xio 7 No . Time x10 7 ( sec ) 
(gm/cm-sec ) 
( sec ) (gm/cm-sec ) 
3 4 9 2 5 . 40 2 , 16 0 . 5  3 5 9  2 5 . 40 2 , 16 0 . 5  
3 5 0 25 . 57 2 , 1 7 5 . 0  3 6 0  25 . 48 2 , 16 7 . 3  
3 51 2 5 . 49 2 , 16 8 . 2 3 61 25. 53 2 , 1 71 . 6  
3 52 2 5 . 4 7 2 , 16 6 . 5  3 6 2 25. 5 7  2 , 17 5 . 0 
3 53 2 5 . 4 7 2 , 16 6 . 5 3 6 3 25. 50 2 , 16 9 . 0  
3 54 2 5 . 4 8 2 , 16 7 . 3  3 64  25. 3 9 2 , 15 9 . 7 
3 5 5  25 . 55 2 , 1 73 . 3 3 6 5  2 5 . 3 9 2 , 15 9 . 7  
3 56 25 . 50 2 , 16 9 . 0  3 6 6  25 . 4 3  2 , 16 3 . 1  
3 5 7  25 . 5 7 2 , 17 5 . 0  3 6 7  25. 53 2 , 1 71 . 6 
3 58 25 . 48 2 , 16 7 . 3  3 6 8  2 5 . 44  2 , 16 3 . 9  
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TABLE XXXV 
Experimental Data for Determination 
of the Viscosity of Nitrogen at 50 Q C_, 
Atmospheric Pressure and 8 Q l1 ' Inclination Angle 
Test Roll V;iscosity Test R oll Viscosity 
No. Time xio 7 
No. Time xio 7 (sec) ( gm/cm-sec) 
(sec) (gm/cm-sec) 
36 9 22 . 10 1 , 87 9 . 8  3 7 9 22 0 17 1, 885. 8 
3 70 22.09 1, 87 9. 0 3 80 22. 15 1 , 884 .. 1 
3 71 22 . 14 1, 883. 2 3 81 22. 13 1 ., 882 ,. 4 
3 72 22 . 10 1, 87 9 . 8  3 82 22 0 06 1 ., 876.4 
3 73 22. 02 1, 873 . 0  3 83 22 .. 08  1, 87 8.l 
3 74 22 . 14 1, 883. 2 3 84 22 . 08 1, 87 8. 1 
3 75 22 ca l0 1., 87 9 0 8  3 85 22. 1 7 1 , 885. 8 
3 76 22.02 1, 873 . 0 3 86 22.04 1, 874.7 
3 7 7  22 . 14 1., 883 . 2 3 87 22.10 l, 87 9 . 8 
3 78 22.06 1., 876.4 3 88 22. 1 5  1 ., 884 .. 1 
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TABLE XX.XVI 
Experimental Data for Determination 
of the Viscosity of Hydrogen at 50 ° C, 
Atmospheric Pressure and 8 ° 11' Inclination Angle 
Test Roll Viscosity Test Roll Viscosity 
No. Time x10 7 
No. Time x107 
(sec) (gm/cm-sec) 
(sec) (gm/cm-sec) 
3 8 9 ll o ll 945. 0 3 99 11.16 949.2 
3 90 11.15 948. 4  400 11. 20  952 . 6 
3 91 11.14 947.6 401 11.22 954.4 
3 92 11 . 20 9 52 . 7 402 llo 21 9 53 . 5 
3 93 11. 19 951.8 403 11. 2 0  9 5 2 . 5 
3 94 11 . 19 951. 8  404 11.15 948. 4  
3 95 11. 15 948. 4 405 11.18 950.9 
3 96 lL.20 95 2 . 7 406 11. 20 952 . 7 
3 97 11. 17 950.1 407 11.1 7 950.1 
3 98 11 . 17 950.l 408 11.14 947 . 6  
9 8  
TABLE XX.XVII 
Experimental Data for Standardization 
of the Viscometer Using Air at 90 Q C, 
Atmospheric Pressure and 9 ° 03 ' Inclination Angle 
Test Roll Test Roll 
No . Time No. Time 
(sec) ( sec) 
40 9 24 . 7 7 41 9 24 . 75  
410 24 . 8 7 420 24 . 74 
411 24 . 6 8  421 24 . 84 
412 24 9 78 422 24 . 8 6 
413 24 . 8 7 423  24 . 7 9 
414 24 . 81 4 24 24 . 7 8  
41 5  24 0 6 9 42 5 24 ., 8 3 
41 6  24 . 76 426  24 . 71 
417 24 . 6 5 42 7 24. 80 
418 24 . 70 42 8 24 . 74 
TABLE XXXVIII 
Experimental Data for Determination 
of the Viscosity of Oxygen at 90 Q C, 
Atmospheric Pressure and 9 Q o3 t  Inclination Angle 
Test Roll Viscosity Test Roll 
No . Time x10 7 No. Time 







4 2 9  2 7 . 6 5 2 , 3 79 . 3 43 9 2 7 . 46 2 , 3 6 3 . 0  
43 0 2 7 . 56 2 , 3 71. 6 440 2 7 . 50 2 , 3 6 6 . 4 
4 3 1 2 7  .. 41 2 , 3 5 8 . 7 4 41 27 . 56 2 , 3 71 . 6  
43 2 2 7 . 41 2 , 3 58 . 7  442 2 7 . 5 9  2 , 3 74 . 2  
43 3 27 . 6 5 2 ., 3 7 9 . 3 443 2 7 . 5 8 2 , 3 73 .. 3 
43 4  2 7 . 52 2 , 3 6 8 . 1  444 2 7 . 6 0 2 ., 3 7 5 . 0  
43 5  2 7 . 50 2 , 3 6 6 . 4 44 5 2 7 . 51 2 , 3 6 7 . 3 
43 6 27 . 49 2 , 3 6 5 . 6  446 2 7 . 4 9 2 , 3 6 5 . 6  
43 7  27 . 59 2 , 3 74 . 2  44 7 2 7 . 56 2 , 3 71 . 6 
43 8 27 . 58  2 , 3 73 . 3 448  2 7 . 51 2 , 3 6 7 . 3  
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TABLE XXXIX 
Experimental Data for Determination 
of the Viscositx of Nitrogen at 90 ° C,  
Atmospheric Pressure and 9 ° 03 ' Inclination Angle 
Test Roll Viscosity Test Roll Viscosity 
No. Time 
x107 No. Time xlo 7 (sec) ( gm/cm-sec) 
( sec) ( gm/cm-sec) 
449 23 0 8+ 2, 048.9 45 9 23 . 85 2, 052.3 
450 23 . 90 2, 056 . 6 '  460 23.75 2, 043. 7 
451 23. 92 2, 05 8. 4  461 23.70 2,03 9 . 4  
452 23 . 6 7 2, 036 . 8  46 2 23 . 88 2, 054 . 9 
453 23.6 9 2, 03 8. 6  46 3 23. 70 2, 03 9. 4 
454 23 .. 7 8 2, 046. 3 46 4 23. 7 3 2, 042 . 0  
45 5 23.6 8 2, 03 7. 7 46 5 23 . 70 2., 03 9. 4 
456 23 . 6 9  2, 03 8. 6  466 23.6 9 2 , 03 8 . 6  
45 7 23 . 76 2, 044 . 6 46 7 23.90 2 ., 056 . 6  
45 8 23 . 84 2, 051. 5  46 8 23 . 73 2, 042 . 0 
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TABLE XL 
Experimental Data for Determination 
of the Viscosity of Hydrogen at 90 ° C, 
Atmospheric Pressure and 9Q o3 t Inclination Angle 
Test Roll Viscosity Test Roll Viscosity 
No . Time x107 
No. Time xio 7 
( sec) (gm/cm-sec) 
(sec) (gm/cm-sec) 
46 9 11. 91 1:,.02 4. 9 47 9 11 . 94 1, 02 7. 5  
47 0 ll o 90 1, 024.0 480 11. 94 1, 02 7 . 5  
47 1 11. 89 1, 023 .. 1 481 11. 92 1, 02 5 . 7 
472 11 . 84 1, 01 8. 9 482 11. 86 1, 020 . 6  
47 3 11 . 85 1, 019. 7  483 11. 92 1, 025. 7 
474 11 . 96 1, 02 9.2 484 11. 8 4  1, 018. 9 
47 5 11. 90 1, 02 4 . 0 485 11 . 8 9 1, 023.1 
476 11. 96 l., 0290 2 486 11 . 94 1, 02 7. 5 
47 7 11. 95 1, 028. 3 487 ll ca 95 1, 03 8 0 3 
4 7 8 11. 96 1, 02 9. 2  488 ll. 90 1, 024. 0 
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